Modeling the adsorption of atoms and molecules on surfaces requires efficient electronic structure methods that are able to capture both covalent and non-covalent interactions in a reliable manner.
I. INTRODUCTION
Understanding the electronic properties of hybrid inorganic/organic systems (HIOS) has implications in both fundamental science and technology. In terms of basic science, these interfaces may lead to the emergence of collective effects that the isolated components forming the interface do not exhibit.
1,2 Among these effects, Kronik which some of them are now reaching the consumer market. 3 Potential future applications also include organic memories and chemical sensors. 1, 3 The performance and future design of these devices are clearly related to the electronic properties of the interface in which the interface geometry plays a fundamental role. 4, 5 A balanced description of both the structural and electronic properties of these interfaces is thus critical for controling their functionality.
The interplay of electron transfer processes, (covalent) hybridization of wave functions, van der Waals (vdW) interactions, and Pauli repulsion result in the interface properties that HIOS exhibit, including their interface structure. In particular, vdW forces play an essential part in the structure and stability of these systems. [5] [6] [7] [8] [9] [10] [11] Density-functional theory (DFT) has become the method of choice in the calculation of interfaces and adsorption phenomena due to its good compromise between accuracy and efficiency. Unfortunately, the modeling of vdW interactions in DFT is not an easy task as (semi-)local and hybrid functionals used to approximate the exchange-correlation (xc) energy functional do not include them properly.
In this context, the role of vdW interactions in the binding between small molecules in the gas phase has been extensively studied and is fairly well understood. Unlike (semi-)local functionals within DFT, the hierarchy of methods in quantum chemistry can describe vdW interactions properly. Recent years have also seen the development of several promising vdW-inclusive approaches in DFT. Methods such as DFT-D3, 12 vdW-DF2, 13 vdW-DF-type functionals with modified exchange, 14 the DFT+XDM method, 15, 16 and the DFT+vdW method, 17 have shown to be quite accurate for intermolecular interactions (see for example
Ref. 18 for a concise review of vdW-inclusive methods in DFT). However, their application to HIOS is questionable due to either the absence or inaccuracy of the non-local (inhomogeneous) collective electron response of the extended surface in the vdW energy tail.
This problem has been exemplified in previous publications for the case of the adsorption of 3,4,9,10-perylene-tetracarboxylic acid dianhydride (C 24 H 6 O 8 , PTCDA) on coinage metal surfaces 5, 10, [19] [20] [21] [22] and in general for other adsorption systems.
6-9,23,24
The modeling of HIOS requires efficient methods that are able to describe a range of interactions in an accurate manner. In order to tackle this problem, we have developed the DFT+vdW surf method 22 to calculate the adsorption properties of atoms and molecules on surfaces. This method combines the Tkatchenko-Scheffler (TS) DFT+vdW method 17 for intermolecular interactions with the Lifshitz-Zaremba-Kohn (LZK) theory 25, 26 for the inclusion of the non-local collective response of the substrate surface in the vdW energy tail. Calculations using the DFT+vdW surf method have demonstrated that the inclusion of these collective effects, which effectively go beyond the atom-based pairwise description of vdW interactions, enables us to reliably describe the binding in many systems covering a wide range of interactions, including the adsorption of a Xe monolayer, of aromatic molecules (benzene and derivatives, naphthalene, anthracene, azobenzene, diindenoperylene, and olympicene and derivatives), C 60 , molecules including sulfur/oxygen like thiophene, NTCDA, and PTCDA on several close-packed transition-metal surfaces. 22, [27] [28] [29] [30] [31] [32] [33] [34] [35] A study of a Cu−phthalocyanine film on a PTCDA monolayer adsorbed on Ag(111) has also been published recently.
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In this work, we present a detailed description of the DFT+vdW surf method and assess its performance on adsorption phenomena occurring at close-packed and non-close-packed surfaces. We start in Section II by reviewing the general theory of vdW interactions including the case of the atom-surface vdW interaction. We also discuss its relation to the vdW pairwise interactions and how this relation determines the development of the DFT+vdW surf method. It is clear that the study of HIOS is central to our motivation. Nevertheless, it is also important to indicate that the adsorption of noble gases on metal surfaces are prototypical examples of adsorption phenomena where the main attractive forces are given by long-range vdW interactions. More interesting is the fact that they have been studied extensively in experiments [37] [38] [39] [40] and theory [40] [41] [42] [43] . Because of their status as benchmark sys-tems for physisorption in vdW-inclusive DFT methods, we begin Section III by addressing the performance of the present method in the energetics and structure of the adsorption of Xe on selected close-packed transition metal surfaces. As we progress in Section III, we also analyze the adsorption of a single PTCDA molecule on Au (111) as an example of an organic/inorganic interface. We take a similar approach to address the case of non-closepacked surfaces by first analyzing the adsorption of Xe on Cu (110) and comparing it to the case of Cu (111) and, as a final step, analyzing the adsorption of an organic adsorbate on a metallic surface with different orientations. For this, we take the interface formed by the adsorption of a PTCDA monolayer on the Ag(111), Ag(100), and Ag(110) surfaces. Finally, in Section IV we give a brief summary and an outlook.
We mention the extensive study performed by Chen and coworkers 43 where they reported the performance of several vdW-inclusive methods within DFT on the adsorption of noble gases on metal surfaces which serves, together with this work, as a benchmark of DFT methods in physisorption phenomena. In the case of PTCDA on Ag(100) and Ag(110), we mention the theoretical and experimental studies reported in Refs. 44 and 45 that were very helpful in the analysis that we present in this work.
II. THEORY
A. The van der Waals interaction between polarizable fragments vdW dispersion interactions result from correlated fluctuations between electrons. As a starting point, we consider the case of two neutral polarizable fragments S a and S b in the well-separated regime, where there is no wavefunction overlap between fragments. The energy between the two fragments can be given (see for example Longuet-Higgins, 46 Zaremba and Kohn; 26 Hartree atomic units used throughout) by:
where χ a and χ b are the linear density response functions of fragments S a and S b respectively and v(r, r ) = |r − 47 showed that the ZK formula is obtained when the response function is formulated in terms of the randomphase approximation (RPA).
We consider now the response function of each fragment S i to be characterized by an isotropic point dipole polarizability α i (iω) located at R i :
where δ 3 (r−r ) is the three dimensional Dirac delta function and ⊗ corresponds to the tensor (outer) product. Given Eq. (2) for χ a and χ b , the vdW interaction for two well-separated fragments given by (1) becomes:
where the Casimir-Polder formula 48 has been used to calculate C ab 6 from the dipole polarizabilities of each fragment and R = |R a − R b |. The equation above corresponds to the pairwise formula known since the work of London 49 and, as it has been summarized by Dobson, 50 can be derived in several ways. For the general case of N polarizable dipoles in the well-separated regime, Tkatchenko and coworkers 51 showed that the second-order expansion of the correlation energy given within the ACFDT-RPA scheme leads to:
The reader will note that Eq. (4) corresponds to the expression for the pairwise dispersion energy of N atoms as used in the DFT-D 12,53,54 and DFT+vdW 17 methods.
B. The atom-surface van der Waals interaction
The vdW interaction between a semi-infinite crystalline solid and a neutral atom can be derived starting from Eq. (1) in the limit where there is no wave function overlap between the atom and the surface. 26 Figure 1 features the geometric arrangement of the atom-surface system. In this arrangement, fragment S a is the atom located at a distance Z from the topmost layer of the surface, which corresponds to fragment S S . The origin of the coordinate system is chosen to lie in the plane of the topmost surface atoms. For the case of the atom-
Geometry of the atom-surface system.
surface interaction, the ZK formula correlates the charge fluctuations between adsorbate and substrate and does not rely on any specific model for any of the involved fragments.
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In this case, the Coulomb potential between fragments can be expressed in terms of twodimensional Fourier decompositions in order to incorporate the symmetry of the planar semiinfinite substrate. After expressing the Coulomb potential in terms of the 2D wavevector q, which lies parallel to the plane of the surface, and incorporating the complex wavevector κ = q + iqẑ, the atom-surface dispersion interaction takes the form:
A(x, x , iω) represents the adsorbate response function and is given by:
where the position vector x is taken relative to the center of the adatom located at R = (0, 0, Z), that is x = r − R. The surface response function S(r, r , iω) is the analogue to Eq. (6) and is given by:
where r = (ρ, z). Due to the periodicity of the surface, the integral over q in Eq. (5) is restricted to q = q + G, where G is a reciprocal lattice vector in the plane of the surface.
Only the terms where G = 0 give rise to a power law dependence characteristic of the vdW interaction. 26 Taking only the G = 0 terms, Eq. (5) reduces to:
The factor e −2qZ appearing in Eq. (8) cuts off the sum of q values to q 1/Z. Therefore, it is sufficient to determine only the small q behavior of functions A(q, iω) and S(q, iω).
A(q, iω) contains the fluctuations in the density of the adsorbate due to the dipole and higher multipole moments of the atom. It can be expanded in terms of even powers of q as: 26, 40 A(q, iω) = 2α
where α a 1 and α a 2 are the frequency-dependent dipole and quadrupole polarizabilities of atom a respectively, evaluated at imaginary frequency. Higher multipole polarizabilities correspond to higher even powers of q.
The surface response function S(q, iω), which is given by:
contains all the information of the substrate, that is its structure and the response given by its electronic structure. S(q, iω) can also be formulated as:
where δn(z, q, iω) is the surface electron density induced by an external charge of the form: 26,55 ρ ext (r, t) = δ(z − Z)e iq·ρ e ωt . The surface response function gives the relative amplitude of the induced electrostatic potential. It can also be seen, according to Eq. (11),
as an exponentially weighted integral of the surface charge density. 55 It includes effects due to the diffuseness of the surface charge density and due to the nonlocal dielectric response of the surface and the bulk. Eq. (11) can be expanded in terms of q as:
where the term σ 0 , corresponding to the q = 0 limit of S(q, iω), is the total surface charge density and can be expressed in terms of the bulk dielectric function ε S (iω) of substrate S as:
The expansion of S(q, iω) in powers of q generates a series for E (2) vdW which can be in consequence given in terms of inverse powers of Z. 26, 40 Given the expansions of Eqs. (9) and (12), the vdW interaction of Eq. (8) can be expressed as:
where
and
The leading term of Eq. (14) shows the characteristic Z −3 behavior of the atom-surface vdW interaction, 25, 26, 56 which depends on the dipole polarizability of the adsorbate and the surface charge density of the substrate [Eq. (15) ]. Higher Z −n terms and their respective interaction coefficients C aS n correspond to complex expressions involving both adsorbate and substrate response properties.
With the identification of σ 0 in terms of the macroscopic bulk dielectric function of the substrate in Eq. (13), the interaction coefficient C aS 3 is given by: 
where Z 0 is the position of the reference plane for the atom-surface vdW interaction and is defined as:
The vdW reference plane Z 0 can be understood as a consequence of the spatially dispersive character of the substrate's density response function as its definition in terms of C aS 4 indicates. 26, 40 The physical importance of C aS 4 lies in its dependence on σ 1 in Eq. (16) , which corresponds to the linear term in q found in the expansion of the surface response function S(q, iω). We note that the relationship among the Lifshitz theory, the ZK theory, and the RPA approximation within the ACFDT formalism is discussed by Dobson and Gould in a recent review. interactions between a single gas particle and each of the atoms contained in the volume of the solid, yielding an inverse third power dependence on the distance between particle and substrate.
Let us consider a homogeneous distribution of attractive forces within the substrate between atom a and each of the atoms s constituting substrate S given by the leading −C 6 R −6 term of the vdW interaction between two atoms. We can recover the inverse third power dependence on the distance by integrating the pairwise interaction over the volume of the substrate spanning the region S S :
where d V is the volume element of substrate S and n S is the number of atoms per unit volume in the bulk of the substrate. Starting from Eq. (3), the LZK formula given in Eq. (18) can be recovered exactly 26, 40, 62 by setting i):
and ii) Z 0 = d/2, where d is the interlayer distance between equally spaced lattice planes parallel to the surface. In the jellium model of a metal, d/2 corresponds to the position of the jellium edge. 26, 40 Deviations from this position occur due to local field effects in the dielectric function and reflect surface polarization. The magnitude of these deviations also constitutes a measure of the importance of many-body forces in the potential between the atom and the solid. The DFT+vdW surf method consists in a vdW energy correction to the total DFT energy, where the vdW energy of the system is calculated as a sum of pairwise interaction terms:
where R ab is the distance between atoms a and b and C ab 6 is the corresponding C 6 coefficient given by the Casimir-Polder integral of Eq. (3). The damping function f damp eliminates the
ab singularity found at small distances and is a function of the vdW radii R 
where α i 0 is the static dipole polarizability of atom i and η i is an effective excitation frequency.
17,64 The Casimir-Polder integral can be solved analitically with α 1 (iω) given by Eq. (23) leading to a London-like formula:
17,64
with the effective frequency of atom i given when a = b as:
With Eqs. (24) and (25), a simple combination rule for C ab 6 is found:
Eq. (26) gives the interaction coefficient C ab 6 between atoms a and b in terms of the homonuclear parameters C ii 6 and α i 0 . We will refer to these in the following as vdW parameters.
Reference vdW parameters
For the case of free atom reference vdW parameters, accurate values are given in the database of Chu and Dalgarno 65 (see also Ref. 17) . In the case of solids, the reference vdW parameters for an atom must be determined taking into account the environmental effects that an atom-in-a-solid is subject to. 66 We rely on the LZK theory to achieve this. We start by noting that for the atom-surface vdW interaction, we can recover the LZK formula (18) exactly starting from a summation of pairwise potentials between the adsorbate and each of the atoms in the solid. The pairwise C as 6 coefficient between atom a and atom s in the solid can be obtained from Eqs. (21) and (17) as:
The effective vdW coefficient C as 6 given in Eq. (27) inherits the many-body collective response (screening) of the solid as indicated by its dependence on the dielectric function ε S . In this context, the adsorbate corresponds to a free atom in the gas phase, which allows us to evaluate α a 1 (iω) with Eq. (23) Eq. (27) can then be determined by calculating the dielectric function ε S (iω) of the solid.
We use the Kramers-Kronig relation to determine ε S (iω) in terms of the absorptive part of the dielectric function ε 2 at real frequencies. We mainly take data from reflection energyloss spectroscopy (REELS) experiments by Werner and coauthors 67 for this purpose. In the case of Rh and Ir, optical constants were taken from the reflectance measurements of Windt and coauthors. 68 Finally, in the case of Ru, the optical measurements were taken from Choi and coauthors. 69 We may note in passing that the determination of the dielectric function as input for the coefficients in the present method is not limited to experimental results.
It may also be accurately computed from first-principles as demonstrated by Werner and coworkers, 67 whose DFT calculations agree reasonably well with REELS results within the experimental uncertainties involved.
Having determined C R 0 s,free corresponds to the vdW radius of the same species s but as a free atom. We use the TS ansatz 17 to determine the free-atom vdW radii.
The values in Table I for the screened vdW parameters for an atom-in-a-solid show that the environmental effects in a solid cannot be neglected in the calculation of vdW interactions. The inclusion of the collective response of the solid in the determination of the vdW parameters for transition metals can lead to pronounced differences with respect to the free atom reference values, reducing the vdW C 6 coefficients up to a factor of ten.
Significant effects can be observed in static polarizabilities (α 0 ) and vdW radii (R 0 ) as well.
The sensitive dependence of the dielectric screening on the subrate is manifested clearly by these results. We note that the parameters here calculated can be considered as intrinsic properties of the bulk as they are essentially invariant to the nature of the adsorbed atom.
Hybridization and interface polarization effects
A set of accurate reference vdW parameters has been established so far for both free atoms and atoms inside a solid. However, the effects of charge polarization that an atom in a molecule or an interface would experience are not included yet. In the case of adsorption phenomena, there will be effects related to the polarization of the interface. These effects are manifested as the spatial dispersion in the dielectric function close to the surface of the system. They are included in higher q-dependent terms of the substrate response function given by Eq. (12).
The effects of charge polarization are included in the case of molecules in the DFT+vdW method 17 by renormalizing the vdW parameters using the ground-state electron density obtained from DFT calculations. We adopt the same strategy to account for interface polarization in adsorption phenomena by defining an effective volume v i eff for species i as:
where r 3 is the cube of the distance from the nucleus of atom i, w i (r) is the Hirshfeld 71 atomic partitioning weight of the species i, n(r) is the total electron density, n ref i (r) is the reference electron density for atom i, and the sum goes over all atoms of the system.
17,72
For the solid, the reference corresponds to the spherical electron density of an atom in the bulk, and for a molecule, it corresponds to the free atom electron density. By exploiting the direct relation between polarizability and volume, 17,73 the effective C 6,eff coefficient, the effective polarizability α eff , and the effective vdW radius R 0 i,eff are determined as:
Effects beyond the pairwise approximation are achieved by the inclusion of semilocal effects through the dependence of the vdW parameters on the electron density as given by
Eqs. (30)- (32) . For example, we have reported significant interface polarization in systems like PTCDA on Ag(111) and benzene on Pt(111) manifested in the value of the C 6 coefficients in the region of the metal-molecule interface.
22,29
The empirical short-range damping function
The fact that we adopt an interatomic pairwise expression as Eq. (22) in order to compute vdW interactions leads to the presence of a R −6
ab singularity at small distances. We also couple to a semi-local xc functional via the short range damping function. The damping function f damp in the DFT+vdW surf method follows the same strategy as the DFT+vdW method, having the following form:
where R The DFT+vdW surf method leads to a reduced set of effective C 6 coefficients -see Table I that are determined by the dielectric screening of the bulk and the electronic environment of each atom, yielding a smaller long-range vdW energy. On the other hand, it also carries a larger relative weight of the vdW contributions at shorter range due to the effect that the reduction of the vdW radii has on the damping function. The non-trivial coaction of these effects and the underlying xc functional enables an accurate treatment of complex interfaces where the interplay of different interactions is present. We also mention that the DFT+vdW surf method does not depend on the nature of the substrate, and is in principle equally applicable to insulators, semiconductors, and metals. We have calculated the bulk lattice constant of several transition metals in a previous work 29 using the DFT+vdW surf method with the PBE approximation as underlying xc functional, which we refer to as PBE+vdW surf . As we have discussed above, the PBE+vdW surf method includes the screening due to metallic bulk electrons in the computation of the long-range vdW energy tail. However, since the PBE functional is reduced to the localdensity approximation (LDA) for homogeneous electron densities, the metallic electrons are already accurately described within the PBE functional. This fact results in a partial "double counting" of the interaction between metallic electrons with the PBE+vdW surf method, leading to an overestimation of the vdW energy inside the metal bulk. This effect yields a slight increase of the lattice constants compared to the PBE functional in some transition metals while decreasing it in some other cases (see Ref. 29) . But even if the present method can actually lead to an improvement in the bulk lattice constant for some of the transition metals here studied, there is no straightforward way to quantify the overestimation effects.
On the other hand, these effects do not pose a problem in the adsorption of molecules on surfaces because the adsorbate interacts both with the localized ions and the delocalized metallic electrons. Further improvement of the lattice constants requires a full microscopic treatment of the polarizability due to localized ions and metallic electrons.
III. RESULTS AND DISCUSSION
We have developed in section II a method within DFT that includes screened vdW interactions for treating adsorption phenomena. In this section we apply this methodology and assess its performance in realistic adsorption systems. Before addressing the case of HIOS, the effects of modeling vdW interactions within DFT in adsorption phenomena can be evaluated by investigating the interaction between noble gases and a metallic surface. The adsorption interaction in these prototypical physisorption systems is the result of a balance between attractive vdW interactions and Pauli repulsion. We start this section by describing the specifications of the systems studied here and the computational details of our calculations. We continue by analyzing the adsorption of Xe on selected transition metal surfaces using the PBE+vdW and PBE+vdW surf methods, discussing the differences between the two methods while taking into consideration that the latter includes the collective response of the substrate electrons in the determination of the vdW parameters. We have presented some of these results in Ref. 22 but here we extend the analysis by including PBE+vdW calculations and studying the perpendicular vibrational energy of Xe in each case to probe the curvature around the minimum of the potential-energy curves calculated with the PBE+vdW surf method. As a next step it is illustrative to study a typical physisorbed organic/metal interface for which we have chosen the adsorption of a single molecule of PTCDA on Au(111).
We proceed by addressing the performance of the PBE+vdW surf method for adsorption on non-close-packed surfaces.
For this, we first analyze the differences between the adsorption of Xe on Cu(111) and Cu (110) .
As a second case we analyze the adsorption of an organic adsorbate on a metallic surface with different orientations. We take the interface formed by the adsorption of a PTCDA monolayer on the Ag(111), Ag(100), and Ag(110) surfaces.
A. System specifications and calculation details
The DFT calculations were performed using the all-electron/full-potential electronic structure code fhi-aims 76 which uses efficient numerical atom-centered orbitals (NAO) as basis set. We used the tight settings in the fhi-aims code for all calculations. These include the tier 1 standard basis set for the transition metals and Xe, and the tier 2 basis set for C, H, and O. The convergence criteria in the calculations were 10 −5 electrons for the electron density and 10 −6 eV for the total energy of the system. For all structure relaxations, 0.01 eVÅ −1 was utlized as convergence criterion for the maximum final force. Relativistic effects were included via the atomic scalar zeroth-order regular approximation. 77 We used the repeated-slab method to model all the systems together with the PBE 78 exchange-correlation functional.
The vdW surf method includes the screening due to metallic bulk electrons in the computation of the long-range vdW energy tail. However, since the PBE functional is reduced to the local-density approximation (LDA) for homogeneous electron densities, the metallic electrons are already accurately described within the PBE functional. This fact results in a par- super cell and a vaccum width of 40Å in order to minimize the interactions between neighbouring molecules. We used a
Monkhorst-Pack grid of 2 × 2 × 1 k-points in the reciprocal space for the DFT calculations.
Regarding PTCDA on silver surfaces, the surface unit cells were modeled with a 
B. Xe on metal surfaces
We performed PBE+vdW and PBE+vdW surf structure optimizations for Xe on five transition metal surfaces, where the Xe atom and the atoms in the topmost and first subsurface layers of the metal slab were allowed to relax. As we generated the substrates using the PBE lattice constant, we did not consider vdW interactions between metal atoms in order to avoid an artificial relaxation of the surfaces. They were taken into account only in final adsorption energy calculations.
Adsorption energies. Figure 2 and Table II show the adsorption energies calculated with PBE+vdW surf for both the top and fcc-hollow adsorption sites. The adsorption energies were computed using:
where E AdSys is the total energy of the adsorption system (gas + metal surface) after relaxation, E Me is the energy of the bare slab after relaxation, and E Ad is the energy of the isolated Xe gas atom. In all cases, we find that both adsorption sites, top and fcc-hollow, are nearly degenerate within vdW-inclusive DFT. Using the PBE+vdW surf method, the top adsorption site is energetically favored for Pd(111), Cu (110) , and Ag (111) by approximately 5 meV for Pd (111) and Ag(111), and 10 meV for Cu (110) . Both adsorption sites are virtually degenerate within our calculation settings in the cases of Pt (111) and Cu (111) . Figure 2 also displays the contribution to E ads coming from PBE and vdW interactions upon relaxing the system. More specifically, the PBE contribution destabilizes the fcc-hollow adsorption site in the Cu substrates upon relaxation, as it becomes more positive for both surface orientations.
The same finding holds for Ag (111) . Although the differences in energy between adsorption sites are too small -a few meV-to regard them as definitive, an accurate determination of exchange and correlation effects (particularly related to vdW interactions) is essential in the structural and energetic features of these systems.
The fact that both adsorption sites for Xe on transition metal surfaces are nearly degenerate within DFT methods has also been addressed most recently by Chen and coauthors, 43 who reported a few meV difference in their PBE and vdW-DF2 calculations between top and fcc-hollow adsorption sites. However, they found that results from experiments cannot be explained by energy differences between top and fcc-hollow adsorption sites. Instead, by examining the 2D potential energy surface (PES) of Xe on Pt (111) The contribution of PBE and vdW interactions after relaxing the system with the PBE+vdW surf method are shown in red and blue respectively. Total adsorption energies after relaxation are displayed in green. Top sites are displayed with plain color filled bars whereas fcc-hollow sites are displayed with pattern filled bars.
of the Xe atoms on the surface is less than 10 meV.
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Because of the aforementioned reasons, we now discuss the results for the top adsorption site. For comparison, Table II Adsorption distances. in Table III , which shows a summary of the PBE+vdW surf results for Xe on metal surfaces after relaxing each system. This fact holds also for the case of the other metal surfaces here studied. It shows that, in the case of Xe on metal surfaces, the adsorption potential-energy curves provide relevant information on the adsorption process. Based on them, we have calculated the perpendicular vibrational energy of Xe in each adsorption case. We note that, unlike our own previous work, 22 we have included vdW interactions between metal atoms in the adsorption energies of each potential-energy curve.
Following previous works, 40, 42, 43 we have modeled the gas-surface adsorption potential with the following function given by the sum of repulsive and attractive vdW interactions:
where E(d) is the adsorption potential between Xe and the metal substrate at a distance d from the surface and E ml is a constant that corresponds approximately to the formation energy of the Xe monolayer. We have determined the parameters α 1 , α 2 , C 3 , Z 0 , and E ml by fitting Eq. (35) to the PBE+vdW surf calculations. The resulting curve of the fit is depicted with a solid line in Figure 3 for the case of Xe on Pt(111). The vibrational energy E vib is then given by:
where ν, h, and m Xe are the vibrational frequency, Planck's constant, and the mass of an atom of Xe, respectively. The force constant k e corresponds to the second derivative evaluated at the minimum of the potential given by Eq (35) . Following this procedure, the results for E vib are given in Table III .
To the best of our knowledge, experimental measurements for the perpendicular vibrational energy exist for Xe/Pt (111) of Pt (111) 43 We remark that accurate results might also be achieved by vdW-DF-type functionals with empirically optimized exchange.
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In spite of the essential difference between the PBE+vdW surf and PBE+vdW methods, our calculations show that the PBE+vdW adsorption distances are also in very good agreement with experimental results -see Table III -in the case of the adsorption of Xe on transition metal surfaces. Regardless of this agreement, the PBE+vdW scheme leads to an overestimation of the adsorption energy as the input vdW parameters for the metal atom correspond to the free atom, neglecting the effects of the collective response of the solid (see Table I ). Of particular relevance is the fact -which we have observed above-that neglecting the environmental effects of the solid in the determination of the vdW parameters can lead to inaccurate equilibrium structures and an overestimation of the binding strength with respect to experiments in more complex systems such as organic/inorganic interfaces. compare the values that we obtain when the experimental lattice constant is used. Images of the structures were produced using the visualization software VESTA. In contrast to the adsorption of Xe on metal surfaces, we observe differences in the adsorption distance predicted by both methods, resulting in a larger distance with the PBE+vdW The effect of dielectric screening in the vdW parameters. The differences in these results reflect the impact of the vdW parameters on the accuracy when it comes to the structure of organic/inorganic interfaces. In the PBE+vdW surf method, the set of reduced C 6 coefficients that are determined by the dielectric screening of the bulk yields a smaller vdW energy. We show this effect in Figure 5 
PTCDA on Ag surfaces
We address now the case of an organic adsorbate on a metallic surface with different orientations: the adsorption of PTCDA on Ag(111), Ag(100), and Ag(110). We performed a structural optimization of each of these systems where the molecule and the atoms in the topmost two metal layers were allowed to relax using the PBE+vdW surf method. We have taken the experimental configuration as starting point for each structural optimization. The adsorption geometries of these systems have been investigated using the NIXSW technique. 44, 45, 104 A novel feature in the studies including PTCDA on Ag(100) and Ag (110) is their higher chemical resolution resulting in the extraction of the adsorption positions of each of the chemically inequivalent atoms in PTCDA. We compare these results with PBE+vdW surf calculations in Table IV and illustrate them in Figure 9 , in which the adsorption position of each of the atoms is referred to the position of the topmost unrelaxed metal layer. The distinction between carbon atoms belonging to the perylene core (C peryl , black) and to the functional groups (C funct , dark grey) is also displayed. In a similar fashion, oxygen atoms are shown in red for the case of the carboxylic oxygen (O carb ) and blue for the anhydride oxygen (O anhyd ).
Images of the structures were produced using the visualization software VESTA. 106 PTCDA forms a commensurate monolayer structure on silver surfaces. On Ag(111), it forms a herringbone structure with two molecules per unit cell in non-equivalent adsorption configurations. The specification of the atoms can be seen in Fig. 4(a) . The C backbone distortion is given as Figure 4 (b) depicts how this configuration is well reproduced in our calculations after relaxing the system. On Ag(100), a T-shape arrangement with two adsorbed molecules per unit cell can be observed. This result agrees very well with experiments and previous DFT calculations. 44 Finally, in the case of Ag(110) PTCDA forms a brick-wall adsorption pattern with one molecule adsorbed per surface unit cell. 82 The long axis of the molecule is located parallel to the 
44,45
The overall vertical adsorption height -taken as an average over all carbon atoms-given by the calculations decreases in the sequence by 0.26Å, in comparison to the value of 0.30Å obtained in experiments. The calculations reproduce the transition from a saddle-like adsorption geometry of PTCDA on Ag(111) to the arch-like adsorption geometry that can be found in the more open surfaces according to experiments (see Figure 9 ). Finally, for the above mentioned sequence we find an increase in the C backbone distortion
For ∆C, the calculations yield 0.02, 0.09, and 0.13Å for Ag (111) , Ag(100), and Ag(110),
respectively, values which are in excellent agreement with experiments. 44, 45 In the case of Ag(111), the C backbone distortion has not been determined experimentally, 104 but the saddle-like adsorption geometry suggests a minimum distortion of the C backbone 44,104 which we observe in our calculations as well. The C backbone distortion in Ag(100) and Ag (110) is then remarkably well reproduced by the calculations.
With respect to the oxygen difference (∆O), the resulting values are 0.15Å for Ag (111) and Ag(100), and 0.10Å for Ag (110) . These values reproduce the decrease in the sequence observed by experiments but underestimates the difference by 0.17Å in Ag(111) and 0.10Å in Ag(100). This underestimation lies in the fact that the adsorption distances for the anhydride oxygen obtained with the calculations are also underestimated in the cases of Ag (111) and Ag(100). On the other hand, the calculated distance for the anhydride oxygen in Ag(110) agrees very well with experiments, leading to a very good agreement with the experimental result of 0.08 ± 0.05Å in the oxygen difference.
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We have also computed the adsorption energy E ads per molecule of the systems using Eq. (34) where E AdSys is the total energy of the adsorption system (PTCDA + metallic surface), E Me is the energy of the bare metal slab, E Ad is the energy of the PTCDA monolayer in periodic boundary conditions, and the final energy is divided by two in the cases in which the monolayer consists of two molecules. All quantities are taken after relaxation of each subsystem, we summarize the results in (110) . Only in the case of Ag(110) they contribute to E ads , with 27% of the binding energy. In Ag(111), the effect is the opposite as a repulsion energy of 0.61 eV is found. We note that E ads is here calculated with respect to the PTCDA monolayer, the binding strength will become even larger when calculated with respect to the molecule in gas phase due to the stabilizing formation energy of the monolayer. The accuracy of these results confirm the sensitivity to surface termination that the DFT+vdW surf scheme is able to achieve. tions, emphasizing its particular importance in the case of inorganic/organic interfaces. In principle, the method can be equally applied to any polarizable solid with any surface structure. In a more general perspective, however, the full treatment of the collective response found in the combined system (adsorbate/substrate) is an essential step in the direction of improved accuracy and increased reliability in computational studies of adsorption phenomena. 34 High level quantum-chemistry methods or many-body methods such as the RPA for the correlation energy can be used for this purpose. Nevertheless, these approaches either perform well for one of the two subsystems, the solid or the isolated adsorbate, and not for the combined system, or their application to adsorption systems still awaits increasing computer power and more efficient implementations in order to treat larger super cells.
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An alternative in this regard is the recently developed method, termed as DFT+MBD, 111, 112 which consists of an efficient dipole approximation to the RPA.
Another issue in terms of accuracy at the electronic structure level is the self-interaction error present in semi-local xc functionals. This can lead to errors in charge transfer and electronic level alignment between the adsorbate and the substrate. 34 This issue can be solved by adding a fraction of exact exchange as done in hybrid functionals or, in a more general way, by employing orbital-dependent xc functionals. 113 However, these approaches are still not general and many of them increase computational cost that can become prohibitive for larger systems. The issue at hand is that the screening properties of molecules and solids are rather different and characterized by distinct parameter ranges, 34 leading to the need of an accurate description of the electronic structure not only of the substrate or the adsorbate but also of their coupling.
Along with our interest in adsorption phenomena from a basic science perspective, we also aim to be able to describe and predict, from first-principles, processes with technological relevance in which adsorption phenomena play an essential role (catalysis or organic electronics for example). For this purpose, it is obvious that beyond achieving quantitative predictive level in model systems, we must also address realistic adsorption systems. Taking catalysis as an example, Sabbe and coauthors 114 mention the proper representation of the reactive surface and the treatment of coverage effects (at the electronic structure and mesoscopic level), among other aspects, as crucial. These include, for example, adsorption occurring at multifaceted surfaces or at substrates with the presence of dopant atoms or defects. 114 The addition of first-principles thermodynamic considerations must also be taken into account as thermal effects can lead to restructured surfaces, kinetic effects on adatoms, and vibrational effects on larger (and more flexible) adsorbed molecules.
In summary, the development of methods that are able to give a balanced description of adsorption phenomena and treat realistic adsorption systems is still experiencing its early
